Hydroxyurea reduces DNA replication by nucleotide deprivation, whereas UV damage generates DNA photoproducts that directly block replication fork progression. We show that the low fidelity class Y polymerase Pol g is recruited to proliferating cell nuclear antigen at replication forks both by hydroxyurea and UV light. Under nucleotide deprivation, Pol g allows cells to accumulate at the G1/S boundary by facilitating slow S-phase progression and promotes apoptosis. Normal cells consequently enter apoptosis at a faster rate than Pol g-deficient cells. Coincident with hydroxyurea-induced S-phase delay, Pol g-deficient cells undergo more replication fork breakage and accumulate more foci of the Mre11/Rad50/Nbs1 complex and phosphorylated histone H2AX. We conclude that under conditions of nucleotide deprivation, Pol g is required for S-phase progression but is proapoptotic. However, as Pol g is reported to require higher nucleotide concentrations than class B replicative polymerases, its recruitment by hydroxyurea requires it to function under suboptimal conditions. Our results suggest that hydroxyurea-induced apoptosis occurs at the G1/S boundary and that initiation of the S-phase requires greater nucleotide concentrations than does S-phase progression.
Introduction
When genomic DNA is damaged or replication is stalled, cells respond by activation of signal-transduction pathways that delay cell-cycle progression, induce repair of lesions, and trigger apoptosis or senescence to eliminate cells with potentially catastrophic mutations leading to malignancy (Bartkova et al., 2006) . Common types of damage involve DNA double strand breaks arising directly or through replication fork breakage that transduce phosphorylation of serine-139 of the C-terminus of the variant histone H2AX (gH2AX) and accumulation of immunofluorescent foci containing gH2AX, Mre11/Rad 50/Nbs, Rad 51 and proliferating cell nuclear antigen (PCNA) (Limoli et al., 2000 (Limoli et al., , 2002a (Limoli et al., , 2005 Thakur et al., 2001; Ward and Chen, 2001; Cleaver et al., 2002; Furuta et al., 2003; O'Driscoll et al., 2003; Halicka et al., 2005; Lowndes and Toh, 2005; Marti et al., 2006) . Replication arrest from hydroxyurea and UV is mechanistically different and neither generate double strand breaks directly; hydroxyurea limits deoxyribonucleotide precursors (Kurose et al., 2006a) , whereas UV directly blocks replication fork progression with DNA photoproducts.
An important participant in the DNA damage response is the low fidelity polymerase Pol Z that is required for bypass of bulky adducts in parental strands of DNA and which is mutated in xeroderma pigmentosum variant (XP-V) cells (Johnson et al., 1999; Masutani et al., 1999; Burgers et al., 2001; Broughton et al., 2002) . We therefore decided to investigate whether Pol Z is required for S-phase progression during nucleotide deprivation by hydroxyurea and the consequences of Pol Z deficiency. We find that Pol Z is recruited to arrested replication forks by hydroxyurea, and replication arrest is consequently greater in XP-V cells than in normal cells. Arrested forks eventually degrade forming foci containing gH2AX and Mre11. Normal cells leak through the S-phase checkpoints and accumulate at the G1/S-phase boundary where they enter apoptosis at a greater rate than XP-V cells. Consequently under conditions of nucleotide deprivation Pol Z is required for S-phase progression but is proapoptotic.
Results
Pol Z is recruited to replication forks after exposure to hydroxyurea Normal and Pol Z-deficient cells incubated with hydroxyurea differed in S-phase delays within 4 h of exposure (Figure 1 ). Pol Z-deficient cells showed a greater number of cells accumulated in the S-phase although the level of gH2AX was only slightly higher than normal cells at this time. After 20 h, normal cells were depleted of S-phase and G2 cells to a greater extent than Pol Z-deficient cells, and both cell types showed an increase of cells in G1, presumably at the G1/S boundary ( Figure 2a ). These G1-arrested normal cells showed a higher level of gH2AX than Pol Z-deficient cells, which still contained a large proportion of cells arrested in the S-phase.
Complementation of XP30RO cells with Pol Z cDNA corrected the S-phase delay associated with the loss of Pol Z function (Figure 2a ) and restored the depletion of cells in S and G2 by hydroxyurea seen in normal cells (Figure 2a ). Complementation allowed us to visualize the localization of Pol Z to replication sites at all times from 4 to 21 h of exposure (Figure 2b ) in foci coincident with PCNA (Figures 2b and 3 ).
Pol Z deficiency promotes gH2AX and Mre11 accumulation in hydroxyurea Persistent stalled replication forks can degrade into double strand breaks, which can be visualized using gH2AX and Mre11 as markers. We detected a slow increase with time in hydroxyurea of cells positive for gH2AX and Mre11 foci, demonstrating DNA breakage (Figures 4 and 5a ). Little immunofluorescence of gH2AX and Mre11 was evident before about 8 h of exposure ( Figure 5a ). Earlier detection of gH2AX was observed by fluorescence-activated cell scanning (FACS) analysis (Figure 1 ) due to the more objective methods of FACS compared with visual resolution by immunofluorescence microscopy, but with FACS the levels at these early times were only slightly above controls (Figure 1 ). Ultra violet damage in contrast results in a rapid increase in gH2AX foci and pan-stained cells than with hydroxyurea (Figures 5b, c and 6) (Limoli et al., 2000 (Limoli et al., , 2002a Cleaver et al., 2002; Marti et al., 2006) . At 4 h after irradiation, normal cells showed an increase in gH2AX during the S-phase, corresponding to foci and uniformly bright fluorescent cells that we have previously described in primary and SV40-transformed cells ( Figure 6 ) (Limoli et al., 2000 (Limoli et al., , 2002a Cleaver et al., 2002; Marti et al., 2006) .
The numbers of cells positive for gH2AX and Mre11 foci increased significantly after 8 h in hydroxurea, representing an accumulation of broken forks ( Figures  1, 2 and 5a ). At the later times there were about twice as many foci-positive XP-V cells as compared to normal cells consistent with the greater retention of S-phase cells due to the lack of Pol Z ( Figure 5c ); this is a smaller difference than that observed after UV damage (Figure 5b and c) but is consistent with similar roles for Pol Z in negotiating impediments to DNA replication (Limoli et al., 2002a) .
With increasing time in hydroxyurea, we also observed the development of cells uniformly stained with gH2AX (pan-stained), resembling those also observed early after UV damage ( Figure 6 ) (Marti et al., 2006) . These did not appear to represent the coalescence of foci, as we did not observe an enlargement of foci to the scale of pan-staining. Pan-stained cells were distributed in the S-phase or at the G1/S boundary representing those cells with the maximum signals in FACS analysis (Figures 1 and 2) . After 20 h exposure to hydroxyurea, we observed approximately cell numbers cell numbers
Figure 1 FACS scan of GM637 and XP30RO cells after growth for 4 h in hydroxyurea. Top row: cell-cycle distribution (cell numbers against PI). Bottom row: gH2AX distribution as a function of the cell cycle (gH2AX signal intensity against PI).
Pol g is required for replication in hydroxyurea S de Feraudy et al 80% of normal cells but only 24% of XP30RO cells were pan-stained, which correlates with the higher fraction of normal cells accumulated at the G1/S boundary with high gH2AX fluorescence in FACS analysis (Figures 1-3 ).
Pol Z promotes apoptosis and loss of viability from hydroxyurea Apoptosis, quantified by detachment from the substrate (see the Materials and methods section), was not significant at 5 h but increased at 20 h after either Pol g is required for replication in hydroxyurea S de Feraudy et al hydroxyurea or UV damage (Figure 7a ). The UV dose was chosen to cause similar levels of apoptosis as hydroxyurea in normal cells to facilitate comparisons with XP-V cells. Apoptosis in cells exposed to hydroxyurea was greater in normal cells at 20 h than in XP-V cells (Figure 7a ). Such a result appears counterintuitive, but is consistent with the FACS analysis (Figure 2 ), which indicates that apoptosis from hydroxyurea occurs from the G1/S boundary. The delays in S-phase caused by the absence of Pol Z means that XP-V cells reach the critical G1/S junction and commence apoptosis at a slower rate than normal cells. The enhanced S-phase arrest occurring in Pol Z-deficient cells is therefore protective against apoptosis in cells deprived of nucleotide precursors but proapoptotic after UV damage (Thakur et al., 2001; Cleaver et al., 2002) . Incubation with hydroxyurea for increasing lengths of time before release and subculturing to generate colonies after a further 2 weeks of growth in the absence of hydroxyurea showed that cells irreversibly lost colonyforming ability starting at approximately 8-10 h in hydroxyurea (Figure 7b ). There appeared to be a slight delay in the onset of loss of viability in XP-V as compared to normal cell line (Figure 7b) , consistent with the stronger S-phase delay and slower rate of apoptosis in XP-V cells; both cell types then showed a similar decline subject to this time displacement.
Discussion
We have demonstrated that Pol Z is recruited to the replication forks, coinciding with PCNA, during exposure to hydroxyurea, and that the absence of Pol Z results in replication fork breakdown, increased gH2AX and Mre11 foci, and loss of colony formation. Apoptosis, however, appears to be reduced because this occurs at the G1/S boundary, and the loss of Pol Z delays the arrival of cells at this critical juncture. This identification of the G1/S boundary as the stage for hydroxyurea-induced apoptosis contrasts with UVinduced apoptosis that occurs from cells blocked by UV photoproducts at all points through the S-phase (Thakur et al., 2001; Cleaver et al., 2002) .
A similar requirement for the Y-family polymerases during nucleotide starvation has been reported in Escherichia coli (Godov et al., 2006) and human cells (Kannouche et al., 2001; Thakur et al., 2001 ). The recruitment is remarkable because Pol Z is reported to require higher nucleotide pool sizes than class B replicative polymerases, and will therefore replicate under suboptimum conditions (Washington et al., 2003) . Recruitment of Pol Z is regulated by reversible ubiquitylation of PCNA by the Rad6/Rad18 ligase and the USP1 deubiquitylating protease (Huang et al., 2006) . Delayed replication by hydroxyurea results in autodegradation of USP1 and increased PCNA ubiquitylation that can then recruit Pol Z (Huang et al., 2006) as well as i and k (Ogi et al., 2005) . Pol Z is consequently recruited to the replication forks in response to more general cellular stresses than just its specific role in bypass of bulky UV DNA lesions (Figures 2 and 3) .
The loss of Pol Z presents severe challenges to S-phase progression under conditions of nucleotide deprivation, especially as the duration of the deprivation extends. Initially during the first 4-8 h, there was little increase in the levels of gH2AX and Mre11 (Figure 5a ), but at later times these foci increased rapidly and gH2AX became prominent in late G1 or early S, corresponding to the gradual accumulation of cells at the G1/S transition Hydroxyurea-induced replication arrest induced nuclear-wide pan-staining after many hours of arrest, unlike their immediate appearance after UV damage ( Figure 6 ). The symmetrical-arrested forks generated in hydroxyurea will have little if any exposed single strand regions, unlike after UV, especially in Pol Z-deficient cells, where the leading strands contain kilobase lengths of exposed single strand regions that may be covered by single strand binding protein, RPA (Cordeiro-stone et al., 1999; Cordonnier et al., 1999) . This extensive disruption of the replication fork architecture may provide a signal for the kinases responsible for the pan-staining response, which takes longer to develop after hydroxurea and may represent preapoptotic cells (Feijoo et al., 2001; Zhao and Piwnica-Worms, 2001; Lu et al., 2006; Mukherjee et al., 2006; Kurose et al., 2006a) . The greater accumulation of normal cells at the G1/S boundary with greater levels of apoptosis strongly suggest that apoptosis from hydroxyurea occurs at this boundary.
Cell death began to occur at the same time that gH2AX and Mre11 foci and pan-staining began to accumulate significantly (Figure 7a and b) , implying that fork breakdown and gH2AX and Mre11 foci may be associated with events linked to cell death (Lu et al., 2006; Mukherjee et al., 2006) rather than productive recombination (Limoli et al., 2005) . The numbers of cells exhibiting gH2AX and Mre11 foci are more closely correlated with loss of cell survival after hydroxyurea exposure than after UV irradiation, which shows a more complex gH2AX response (Limoli et al., 2000 (Limoli et al., , 2002a Marti et al., 2006) .
In conclusion, we have shown that under conditions of nucleotide deprivation, Pol Z is required for S-phase progression but is proapoptotic, and its loss results in greater replication fork breakdown. Our observations raise a number of general questions. Is nutrient starvation a selection pressure for the evolution of low fidelity polymerases? Would XP-V patients or knockout mice respond uniquely to conditions of starvation or would some of their tissues that have low pool sizes be especially vulnerable? Is exposure to hydroxyurea potentially mutagenic since Pol Z will be functioning under suboptimal nucleotide concentrations (Washington et al., 2003) ? Because early observations showed that inhibition of DNA synthesis by hydroxyurea led to gene amplification (Carter et al., 1989 ; Hurta and Wright, 
Materials and methods

Cell types
We used SV40-transformed normal (GM637) and XP-V (XP30RO) cells (Cleaver et al., 1999) . Cultures were maintained in Eagle's minimal essential medium with 10% fetal calf serum and antibiotics. SV40-transformed cells were used because many S-phase damage responses are suppressed in cells with wild-type p53 (Cleaver et al., 1999; Limoli et al., 2000) . We also used a clone of XP30RO cells expressing Pol Zenhanced green fluorescent protein described previously (Thakur et al., 2001) . Cultures were supplemented for some experiments with hydroxyurea (2 mM) or irradiated with 10 or 20 J m À2 UVC light. Cultures were grown in hydroxyurea for increasing lengths of time before subculturing at low density to determine their colony-forming abilities after a further 14 days in normal medium.
Apoptosis
Apoptosis was quantified by counting cells that detached from the growth surface (Thakur et al., 2001; Cleaver et al., 2002) . Detachment of SV40-transformed cells is the initial event leading to apoptotic cell death and is blocked by zVAD, an inhibitor of caspase 3 (Limoli et al., 2000) . Detached cells contain the 85 KDa PARP-1 cleavage product characteristic of caspase cleavage and degrade their DNA; attached cells show full-length PARP-1 and no DNA degradation (Cleaver et al., 2002) . Detached cells showed considerable DNA degradation with DNA contents and gH2AX below G1 amounts (data not shown).
Immunofluorescence Cells were grown for short (4-5 h) or long (18-24 h) times in hydroxyurea or after UV irradiation. These two time periods Pol g is required for replication in hydroxyurea S de Feraudy et al represent distinct levels of response to hydroxyurea (see Figure 5a ). Cells were then fixed for 15 min in 2% paraformaldehyde dissolved in 1 Â PBS. Slides containing fixed cells were air-dried and stored at À701C until processing for immunofluorescence (Limoli et al., 2000 (Limoli et al., , 2002a Cleaver et al., 2002) . Pol Z-EGFP cells were visualized in cells also fixed in paraformaldehyde. Fixed cells were processed for gH2AX, Mre11 and PCNA as described previously (Limoli et al., 2000 (Limoli et al., , 2002a Thakur et al., 2001) .
Foci quantification and digital image analysis
Cell preparations were analysed using a Nikon Eclipse E600 fluorescent microscope equipped with a Spot RT Slider digital camera (Diagnostics Instruments, Sterling Heights, MI, USA). The fluorochrome was visualized through a single bandpass filter for fluorescein isothiocyanate (FITC) and images captured individually. We quantified the numbers of gH2AX and Mre11-positive cells by scoring a total of 500 cells per slide. Cells containing five or more foci per nucleus were scored as positive.
Flow cytometry
Detection of cellular gH2AX was carried out using the H2AX phosphorylation assay kit for flow cytometry (Upstate Biotechnology, Lake Placid, NY, USA). The assay was carried out according to the manufacturer's instructions with one major modification, the FITC-labeled antibody was incubated overnight at 41C instead of 20 min on ice. Cells were suspended in flow buffer (Ca 2 þ and Mg 2 þ free 1 Â PBS with 1% bovine serum albumin containing 10 mg/ml propidium iodide (PI) and 100 mg/ml RNaseA) and analysed using a Becton Dickinson FACS Caliber Flow Cytometer (Becton Dikinson, Franklin Lakes, NJ, USA) equipped with Cell Quest software. Data were analysed using both Cell Quest and FloJo software (Becton Dickinson and Tree Star Inc., Franklin Lakes, NJ, USA).
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